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Flaxseed gum (FG) is a mixture of natural polysaccharide and protein derived from 29 
flaxseed (Linum usitatissimum L.) that has potential for thickening foods, stabilizing 30 
emulsions, and gelling solutions. The composition and identity of protein in FG have 31 
never been reported. In this study, gum prepared from whole flaxseed was deglycosylated 32 
by treating with trifluoromethanesulfonic acid (TFMS). The resultant proteins were 33 
separated by 2D-gel electrophoresis. The major protein spots with estimated molecular 34 
weights (MW) of 10–11 kDa and 11–12 kDa were excised, digested with trypsin, and 35 
analyzed using matrix-assisted laser ionization time-of-flight mass spectrometry 36 
(MALDI-TOF-MS). Peptide MS of tryptic digestion fragments was compared to MS of 37 
peptides from gene models available through National Center for Biotechnology 38 
Information (NCBI) database. Fragments consistent with the seed storage protein 39 
conlinin, the low-molecular-mass 2S storage flaxseed protein, were identified as the 40 
major spot constituents. Emulsification properties of FG were determined before and 41 
after protease hydrolysis with emulsion activity index (EAI) and emulsion stability (ES) 42 
as indicators. Both EAI and ES decreased from 98.7 ± 5.4 to 59.9 ± 3.2 m2/g and from 43 
66.4 ± 1.1 to 42.1 ± 2.0%, respectively, after protease treatment. Conlinin is the major 44 
protein associated with FG and it plays a fundamental role in determining FG 45 
emulsification properties. 46 
 47 
Keywords: Flaxseed gum; Deglycosylation; Conlinin; Protease treatment; Emulsification 48 
properties.  49 
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1. Introduction 50 
Flax (Linum usitatissimum L.), one of the most ancient crops, has been cultivated for 51 
over 5,000 years (Oomah & Mazza, 1998; Cardoso Carraro et al., 2012). The value of 52 
flaxseed lies in its functional components including polyunsaturated fatty acids 53 
(α-linolenic acid), proteins, lignans (secoisolariciresinol diglucoside), orbitides, and 54 
soluble polysaccharides (Oomah & Mazza, 1998; Shim et al., 2014). Water-soluble 55 
flaxseed polysaccharides, commonly referred to as flaxseed gum (FG), are of special 56 
interest due to their functional properties when included in aqueous solutions. Solutions 57 
of FG have considerable viscosity and readily form stable emulsions, gels and foams 58 
(Chen, Xu, & Wang, 2006; Singh, Mridula, Rehal, & Barnwal, 2011). Accordingly, FG 59 
has been proposed for inclusion in products such as salad dressing, sausage, carrot juice, 60 
and dairy desserts (Stewart & Mazza, 2000; Zhou et al., 2010). Moreover, FG has 61 
nutritional value as a source of dietary fiber, potentially playing a role in reducing 62 
diabetes and coronary heart diseases risk, preventing colon and rectal cancer, and 63 
decreasing the incidence of obesity (Cunnane et al., 1993; Thakur, Mitra, Pal, & 64 
Rousseau, 2009). 65 
FG mainly occurs in the outermost layer of flaxseed hulls and constitutes 66 
approximately 8% of seed dry mass (Oomah, Kenaschuk, Cui, & Mazza, 1995). FG is 67 
readily extracted from flaxseed by immersing the seed in water (Cui, Mazza, & Biliaderis, 68 
1994). The monomer composition and structure of FG has been widely investigated, with 69 
D-xylose, L-arabinose, D-glucose, L-galactose, D-galacturonic acid, and L-rhamnose 70 
being major constituents of the polysaccharide polymer (Cui, Mazza, & Biliaderis, 1994; 71 
Cui, Mazza, Oomah, & Biliaderis, 1994; Qian, Cui, Nikiforuk, & Goff, 2012; Qian, Cui, 72 
Wu, & Goff, 2012). Two distinct polysaccharides fractions were identified in FG. One 73 
polysaccharide fraction is neutral comprising arabinoxylans with β-D-(1,4)-xylan 74 
backbones and a molecular weight (MW) of 1,200 kDa. It is largely free of uronic acid. 75 
These arabinoxylans constitute 75% of the FG fraction mass (Cui, Mazza, & Biliaderis, 76 
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1994). In addition, FG possesses an acidic fraction, which can be separated into two 77 
sub-fractions with MWs of 650 and 17 kDa. These acidic gums contribute between 3.8 78 
and 21.3% of FG weight, respectively (Warrand et al., 2005). However, Qian, Cui, Wu, 79 
and Goff (2012) reported that a fraction of FG with a MW of 1,470 kDa that was thought 80 
to be neutral contained a small amount (1.8%) of uronic acid. Structure of acidic fraction 81 
FG polysaccharides from flaxseed hulls was partially elucidated through methylation 82 
analysis and 1D/2D nuclear magnetic resonance (NMR) spectroscopy (Qian, Cui, 83 
Nikiforuk, & Goff, 2012). A possible structure of the acidic fraction was proposed as a 84 
rhamnogalacturonan-I (RG-I) backbone that features diglycosyl repeating unit of 85 
[→2)-α-L-Rhap-(1→4)-α-D-GalpA-(1→]. Protein has also been observed in extracted 86 
FG (Qian, Cui, Nikiforuk, & Goff, 2012) where protein content varies from 4 to 20% of 87 
gum dry weight dependent upon flaxseed cultivars and extraction conditions (Cui, Mazza, 88 
Oomah, & Biliaderis, 1994). Nevertheless, the composition and identity of protein 89 
components in FG have not been reported.  90 
Like most hydrocolloids, FG can stabilize oil-in-water emulsions, and proteins in FG 91 
are thought to play an important role in its emulsification properties (Bhatty, 1993; Wang 92 
et al., 2010). Removal of protein using protease reduces FG solution surface activity and 93 
decreases FG emulsion stability regardless of polysaccharide molecular mass, chain 94 
flexibility and rheological properties (Qian, Cui, Wu, & Goff, 2012). Similar 95 
emulsification properties have also been reported for other natural food hydrocolloids, 96 
including sugar beet pectin (Funami et al., 2007), gum Arabic (Yadav, Igartuburu, Yan, & 97 
Nothnagel, 2007), corn fiber gum (Yadav, Nunez, & Hicks, 2011), and soy soluble 98 
polysaccharide (Nakamura et al., 2004a; Nakamura et al., 2004b; Nakamura, Yoshida, 99 
Maeda, & Corredig, 2006). The protein components in gum Arabic (about 2% protein by 100 
weight), are rich in hydrophobic hydroxyprolyl, prolyl and seryl residues. These 101 
components are, in part, responsible for stable emulsions produced in gum Arabic 102 
solutions (Yadav, Igartuburu, Yan, & Nothnagel, 2007). The protein fraction is proposed 103 
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to adsorb onto the oil-water interface during emulsion formation, and the highly branched 104 
polysaccharide structure stabilizes emulsions through steric and mechanical effects 105 
(Funami et al., 2007; Yadav, Nunez, & Hicks, 2011). The above explanation is also 106 
congruent with the reported emulsification properties of soluble soy-derived 107 
polysaccharides, with protein covalently bound to a high molecular weight fraction of the 108 
carbohydrate backbone (Nakamura et al., 2004a; Nakamura et al., 2004b; Nakamura, 109 
Yoshida, Maeda, & Corredig, 2006). 110 
In the present study, proteins in FG from whole flaxseed were isolated and identified. 111 
The proteins were extracted from FG by deglycosylation using trifluoromethanesulfonic 112 
acid (TFMS) to totally remove the carbohydrates and separated by 2D-gel electrophoresis. 113 
The resulting protein gel spots were identified by matrix-assisted laser ionization 114 
time-of-flight mass spectrometry (MALDI-TOF-MS) and confirmed by comparison with 115 
a flaxseed genome database. Using protease treatment to remove FG proteins, the 116 
contribution of proteins to emulsification properties of FG solutions was evaluated and 117 
compared to gum Arabic solution. Findings from this study help to further understand the 118 
effects of protein on FG solution emulsification properties.  119 
 120 
2. Materials and methods 121 
2.1.  Materials 122 
TFMS (≥ 99%), gum Arabic from acacia tree (branched polysaccharide), sodium 123 
dodecyl sulfate (SDS, ≥ 99%), urea (for electrophoresis, ≤ 0.005% Ammonia), thiourea 124 
(≥ 99%), CHAPS hydrate (≥ 98% by TLC), glycerol (≥ 99% by GC), mineral oil (0.84 125 
g/mL at 25 °C), pyridine (≥ 99%), α-cyano-4-hydoxycinnamic acid (Suitable for 126 
MALDI-TOF-MS), and trifluoroacetic acid (TFA, ≥ 99%) were purchased from 127 
Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). Iodoacetamide (IAA), dithiothreitol 128 
(DTT), polyacrylamide, 0.5 M Tris-HCl buffer solution (pH 6.8), 1.5 M Tris-HCl buffer 129 
solution (pH 8.8), bromophenol blue, SDS running buffer (10 × premixed electrophoresis 130 
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buffer, contains 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3 following dilution to 1 131 
× with water), ammonium persulfate (APS), 2-mercaptoethanol (14.2 M, ≥ 98%), 132 
Coomassie Brilliant Blue® dye, Bio-Lyte ampholyte (pH 3−10), and 133 
N,N,N',N'-tetramethylethylenediamine (TEMED) were purchased from Bio-Rad 134 
(Richmond, CA, USA). Anhydrous toluene, methanol, acetic acid, PageRuler Prestained 135 
Protein Ladder (MW marker with contrasting colored reference bands at 10−170 kDa), 136 
Pierce® Trypsin protease (MS grade, lyophilized), and acetonitrile (HPLC grade) were 137 
purchased from Fisher Scientific (Fair Lawn, NJ, USA), as well as the Coomassie 138 
(Bradford) Protein Assay Kit® containing Pierce Coomassie Assay Reagent® and albumin 139 
standard ampules with bovine serum albumin (BSA) at a concentration of 2 mg/mL in a 140 
solution of 0.9% saline and 0.05% sodium azide. Protease (Subtilisin A from Bacillus 141 
licheniformis) was obtained from Megazyme International Ireland Ltd. (Bray, Co. 142 
Wicklow, Ireland) and stored in 50% glycerol at 4 °C. Canola oil (Purity 100%, Loblaws 143 
Inc., Toronto, ON, Canada) was purchased from a local supermarket (Superstore, 144 
Saskatoon, SK, Canada). A Milli-Q® deionization reversed osmosis (RO) system 145 
(Millipore, Bedford, MA, USA) was used to prepare deionized RO water (resistivity was > 146 
18.2 MΩ·cm at 25 °C). All other reagents were of analytical grade and used as received. 147 
 148 
2.2.  Preparation of FG 149 
FG was prepared from whole flaxseed according to procedures previously described 150 
by Wang et al. (2009) with small modifications. Whole flaxseed (1.0 kg, var. CDC 151 
Bethune, Floral, SK, Canada) was weighed accurately and washed with deionized water 152 
for 1 min at room temperature (RT, 22–23 °C) to remove surface dust. Thereafter, FG was 153 
extracted by soaking flaxseed in deionized water at 60 °C for 24 h with water to seed 154 
weight ratio of 10:1 (w/w) and gentle stirring (300 rpm with a Teflon-coated stirring bar). 155 
Following this, seed was removed by filtration through cheesecloth to produce FG 156 
extracts. Insoluble particles were removed by centrifugation at 12,700 g for 20 min at 157 
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4 °C. FG was precipitated with ethanol using a volume ratio of 1:1 (extract: ethanol) at 158 
RT. Precipitated FG was collected by centrifugation at 12,700 g for 20 min at 4 °C, 159 
lyophilized (LABCONCO®, Kansas City, MO, USA), and kept in a desiccator at RT for 160 
subsequent analyses.  161 
Neutral sugar content in FG was 592 ± 84 mg (D-xylose equivalent)/g FG, measured 162 
by spectrophotometric analysis at 480 nm (Genesys 10S UV-Vis spectrophotometer, 163 
Thermo Scientific, Madison, WI, USA) based on methods previously described by 164 
Monsigny, Petit, and Roche (1988). FG acidic sugar content was 181 ± 17 mg 165 
(D-galacturonic acid equivalent)/g FG, determined by colorimetric assay at 490 nm using 166 
Benchmark microplate reader (Bio-Rad, Hercules, CA) (van den Hoogen et al., 1998). 167 
All measurements were performed in triplicate. 168 
 169 
2.3. Total protein content 170 
Total protein content in FG was measured using a Bradford protein assay kit (Pierce, 171 
Rockford, IL, USA). FG solution (0.1%, w/v) was prepared in deionized RO water with 172 
magnetic stirring (300 rpm) at RT for 24 h to maximize dissolution. Aliquots of FG 173 
solutions (5.0 µL) were mixed with 200 µL of Bio-Rad Protein Assay Dye Reagent 174 
(Bio-Rad Laboratories, Inc., Mississauga, ON, Canada) and 795 µL of deionized RO 175 
water. After binding of FG proteins with Coomassie Brilliant Blue G-250® in Bio-rad® 176 
Protein Assay Dye Reagent, the solutions were placed in acrylic cuvettes (semi-micro 177 
acrylic cuvette, VWR International, Radnor, PA, USA) and absorbance was monitored at 178 
595 nm with a Genesys 10S UV-Vis spectrophotometer. A standard calibration curve of 179 
BSA (95% purity based on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 180 
SDS-PAGE) with a working range between 0 and 100 µg/mL was constructed for 181 
estimation of protein content in FG samples. All measurements were performed in 182 
triplicate and results were presented as mean ± standard deviation (SD). 183 
 184 
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2.4. Deglycosylation of FG 185 
FG was deglycosylated to totally remove carbohydrate while leaving proteins intact 186 
using the method previously described by Yadav, Nunez, and Hicks (2011). FG samples 187 
were dehydrated in a vacuum oven (Isotemp™ Model 281A, Fisher Scientific, Pittsburgh, 188 
PA, USA) at 50 ºC until a constant weight was reached. Aliquots of dried FG (20 mg) 189 
were accurately weighed into screw-capped glass vials (15 × 45 mm) with Teflon-lined 190 
caps. Before the start of deglycosylation reactions, vials were kept in a dry ice/ethanol 191 
bath to maintain a temperature of –72 ºC. The deglycosylation reagent (0.5 mL of 192 
TFMS/anhydrous toluene mixture 90/10, v/v) was pre-cooled in the –72 ºC bath for 3 min 193 
and gradually added to FG. The vials were gently shaken for 5 min to ensure total 194 
dissolution of FG then placed in the bath. During the reaction, vapor was released every 195 
hour by opening the vial. After four hours the reaction was neutralized by addition of a 196 
pre-chilled (–72 °C) mixture of pyridine/methanol/water (1.0 mL, 3/1/1, v/v/v). 197 
Subsequently, sample vials were kept in crushed ice at 0 ºC for 15 min. The reaction 198 
mixture was adjusted to pH 6–7 with 2.0% (w/v) ammonium bicarbonate solution and 199 
then dialyzed against distilled water for 72 h using Spectra/Por® molecular porous 200 
membrane tubing (Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) with a 201 
2,000 Da MW cut-off retaining the FG protein fraction. The protein fraction was 202 
freeze-dried (LABCONCO, Kansas City, MO, USA) and stored at –20 ºC until analyzed. 203 
 204 
2.5.  2D-gel electrophoresis of FG protein  205 
2D-gel electrophoresis was performed to separate FG protein collected after 206 
deglycosylation by both isoelectric point (pI) and MW. Dried protein fraction (1.0 mg) 207 
was solubilized in isoelectric focusing (IEF) sample buffer (200 µL) consisting of 8 M 208 
urea, 2 M thiourea, 2% (w/v) CHAPS, 0.002% (w/v) bromophenol blue, 50 mM DTT, 209 
and 0.5% (v/v) ampholyte pH 3–10. Protein (100 µg) was applied to the linear 210 
immobilized pH gradient (IPG) 7 cm strips with pH ranges 3–10 (Bio-Rad, Mississauga, 211 
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ON, Canada) for 16 h at 4 ºC. IEF was performed by applying a voltage of 250 V for 1 h, 212 
ramping to 3,500 V over 2 h, and holding at 3,500 V until a total of 75 kVh was reached. 213 
The strips were then equilibrated for 15 min in equilibration buffer Ι (2.5 mL) containing 214 
6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCl pH 8.8, 0.01% (w/v) bromophenol 215 
blue, and the reducing agent DTT (10 mM). Alkylation was conducted for 15 min by 216 
addition of equilibration buffer ΙΙ (2.5 mL) consisting of 2% (w/v) IAA following 217 
removal of DTT in equilibration buffer Ι. After equilibration, strips were subjected to 218 
SDS-PAGE chromatography using a Mini-protean® II system (Bio-Rad, Richmond, CA, 219 
USA) sealed with stacking gel (5%). The polyacrylamide gels for electrophoresis were 220 
poured as follows: 15% resolving gel: 3.55 mL of sterile H2O, 3.75 mL of 40% 221 
acrylamide, 2.5 mL of 1.5 M Tris-HCl buffer solution (pH 8.8), 100 µL of 10% (w/v) 222 
SDS, 100 µL of 10% (w/v) APS, and 8.0 µL of TEMED; 5% stacking gel: 3.01 mL of 223 
sterile H2O, 0.64 mL of 40% acrylamide, 1.25 mL of 0.5 M Tris-HCl buffer solution (pH 224 
6.8), 50 µL of 10% (w/v) SDS, 50 µL of 10% (w/v) APS, and 8.0 µL of TEMED, 225 
respectively. After loading protein samples, electrophoresis was conducted with Bio-Rad 226 
SDS running buffer (Richmond, CA, USA) at a constant voltage of 90 V for 1.5 h. 227 
Thereafter, the polyacrylamide gels were removed from the apparatus and stained for 2 h 228 
with Coomassie brilliant blue dye (Bio-Rad, Richmond, CA, USA). Then gels were 229 
destained with an aqueous solution containing 20% (v/v) methanol and 10% (v/v) acetic 230 
acid. The MW of protein spots were estimated based on their migration relative to known 231 
proteins present in the standard PageRuler Prestained Protein Ladder (Fisher Scientific, 232 
Ottawa, ON, Canada) with corresponding MWs ranging from 10 to 170 kDa. 233 
 234 
2.6.  In-gel digestion of protein gel spots 235 
In-gel digestion of Coomassie-stained protein gel spots obtained via 2D-gel 236 
electrophoresis was performed on a MassPrep II Proteomics Workstation (Micromass, 237 
Manchester, UK) following procedures described by Sheoran, Olson, Ross, and Sawhney 238 
(2005). The selected protein gel spots were dissected by a stainless steel surgical blade 239 
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and transferred to 96 well polypropylene v-bottom microtiter plates (Corning Costar, 240 
Corning, New York, NY, USA). Protein-containing gel pieces were destained twice with 241 
100 µL of ammonium bicarbonate/acetonitrile mixture (1/1, v/v) for 10 min. Afterwards, 242 
protein cysteine residues in gel pieces were reduced and alkylated by sequential addition 243 
of 50 µL of 10.0 mM DTT (30 min, 37 ºC) and 55.0 mM IAA (20 min, 37 ºC) in 0.1 M 244 
ammonium bicarbonate solution. Gel pieces were then washed and dehydrated with 245 
acetonitrile and cleaved with 25.0 µL porcine trypsin solution (6 ng/µL) (sequencing 246 
grade, Promega, Madison, WI, USA) in 50.0 mM ammonium bicarbonate for 5 h at 37 ºC. 247 
Peptides were recovered from gel pieces by addition of 30 µL of 0.1% (v/v) TFA in 3% 248 
(v/v) acetonitrile for 30 min, followed by two extractions with 24.0 µL of 0.1% (v/v) TFA 249 
in 50% (v/v) acetonitrile for 30 min, respectively. The tryptic peptide extracts were 250 
combined and dried under vacuum using a centrifugal vacuum evaporator 251 
(Thermo-Savant SpeedVac, BioSurplus, San Diego, CA, USA) prior to MS analysis. 252 
 253 
2.7.  Mass spectrometry and protein identification 254 
Peptides arising from tryptic digestion were reconstituted in filtered (0.45 µm, 255 
ChromSpec, Brockville, ON, Canada) 0.2% (v/v) formic acid, 3% (v/v) acetonitrile 256 
aqueous solution. Aliquots (0.5 µL) of reconstituted tryptic peptides were mixed with 0.5 257 
µL matrix solution of α-cyano-4-hydoxycinnamic acid (5 mg/mL) in aqueous acetonitrile 258 
solution (50%, v/v) containing 0.1% (v/v) TFA. Matrix containing peptide samples (1 µL) 259 
were spotted onto a stainless steel plate for MALDI-TOF-MS. The MALDI-TOF-MS was 260 
operated in positive reflectron mode. The MS survey scan was performed with a scan 261 
range from m/z 700 to 3,200, averaging 1,000 acquired spectra, and then processed with 262 
Protein Lynx Global Server 2.4 (Waters, Milford, MA, USA). Subsequently, MS 263 
fragment data was used to search the National Center for Biotechnology Information 264 
(NCBI) database. The MASCOT (Matrix Science, London, UK) database search engine 265 
(http://www.matrixscience.com) was employed for this search. 266 
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Carboxyamidomethylation of cysteine was set as a fixed modification and oxidation of 267 
methionine was used as a variable modification during the database searches. A 268 
maximum of 1 missed cleavage site during trypsin digestion of protein gel spots was 269 
allowed with a mass tolerance for precursor peptide ions set as ± 50 ppm and ± 0.4 Da for 270 
fragment ions. Protein identification was considered unambiguous if at least 20% of the 271 
whole protein sequence was covered by the matched peptides with a minimum of four 272 
matched peptides. 273 
 274 
2.8.  Protease hydrolysis of proteins in FG 275 
Protease hydrolysis was conducted as previously described by Qian, Cui, Wu, and 276 
Goff (2012) with small modifications to remove FG proteins. FG solution (1%, w/v) 277 
prepared in 80 mM phosphate buffer (pH 7.5) was mixed with protease stock solution 278 
(Megazyme, 350 tyrosine U/mL, 0.2 mL/g FG) under constant stirring (Teflon-coated 279 
magnetic stirring bar, 300 rpm) at 60 ºC for 60 min. The temperature of the mixture was 280 
then raised to 80 ºC to inactivate protease then cooled to RT. The protease treated FG 281 
solution was dialyzed against distilled water at 4 ºC for 72 h with a MW cut-off of 3.5 282 
kDa. The resultant FG solution was recovered and lyophilized (FreeZone Console Freeze 283 
Dry System with Stoppering Tray Dryer, LABCONCO, Kansas City, MO, USA) for 284 
subsequent analyses. 285 
 286 
2.9.  Emulsification properties 287 
Emulsions were prepared by mixing canola oil with FG solution before and after 288 
protease treatment using a Polytron PT 2100 homogenizer (Kinematica AG, Lucerne, 289 
Switzerland) with a 12 mm PT-DA 2112/2EC generating probe at 26,000 rpm for 3 min. 290 
The final concentrations of emulsifiers in oil-in-water emulsion systems were adjusted to 291 
0.4–0.8% (w/v) and the oil volume fraction (ϕ) was constant at 0.1. Emulsions were then 292 
diluted 121 fold with 0.1% SDS (w/v). The absorbance of the diluted emulsions was 293 
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measured immediately and 60 min later with a Genesys 10S UV-Vis spectrophotometer. 294 
Absorbance of SDS solution (0.1%, w/v) was recorded as the blank. Gum Arabic 295 
solutions (0.4–0.8%, w/v) were prepared for comparison with FG.  296 
Emulsion formation activity was determined according to Einhorn-Stoll, Weiss, and 297 
Kunzek (2002). The turbidity values (T) of emulsions were calculated using Eq. 1.  298 
 =
.××	


                (1) 299 
where, T is the emulsion turbidity (m−1), A is the emulsion absorbance at 500 nm, V is the 300 
dilution factor, and I is the path length (0.01 m). Emulsion activity index (EAI) is a 301 
widely used indicator of emulsion formation (Moro et al., 2013). EAI is related to the 302 
surface area moment mean or Sauter mean diameter, D32 (Cameron et al., 1991). EAI was 303 
calculated as previously described by Wang et al. (2010) using Eq. 2: 304 
EAI =

×
                    (2) 305 
where, ϕ is the oil volume fraction and c is the concentration of emulsifier. 306 
The emulsion stability (ES, %) of FG solution before and after protease treatment 307 
was expressed as the ratio of turbidity measured at 60 min and immediately after dilution 308 
of emulsions (Eq. 3) (Wang et al., 2010). 309 
ES =


                       (3) 310 
where, T60 is the turbidity of diluted emulsions at 60 min, T0 is the turbidity of emulsions 311 
immediately after dilution. 312 
All measurements were performed in triplicate and results were expressed as mean ± 313 
standard deviation (SD). One-way analysis of variance (ANOVA) was conducted and 314 
Duncan’s multiple-range test was used for mean comparisons. P values of < 0.05 were 315 
regarded as significant. 316 
 317 
3. Results and discussion 318 
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3.1. Protein in FG 319 
Due to functional properties of FG solution, including rheological, emulsification, 320 
gelation, and foaming properties, FG is of special research interests (Chen, Xu, & Wang, 321 
2006; Singh, Mridula, Rehal, & Barnwal, 2011). FG might also be used as a source of 322 
soluble dietary fiber, which may afford health benefits (Cunnane et al., 1993; Thakur, 323 
Mitra, Pal, & Rousseau, 2009). The use of FG as food ingredient in salad dressing, 324 
sausage, carrot juice, and dairy desserts has been proposed (Chen, Xu, & Wang, 2006). 325 
The chemical composition and structure of FG has been widely investigated (Cui, Mazza, 326 
& Biliaderis, 1994; Cui, Mazza, Oomah, & Biliaderis, 1994; Qian, Cui, Nikiforuk, & 327 
Goff, 2012; Qian, Cui, Wu, & Goff, 2012). FG was characterized as an anionic 328 
hetero-polysaccharide mixture composed of neutral (75% of FG mass) and acidic 329 
fractions (25% of FG mass). The neutral fraction is primarily arabinoxylans with β-D-(1, 330 
4)-xylan backbones, while the structure of the pectic-like acidic fraction was proposed as 331 
a RG-I backbone that features diglycosyl repeating unit of 332 
[→2)-α-L-Rhap-(1→4)-α-D-GalpA-(1→] (Qian, Cui, Nikiforuk, & Goff, 2012). 333 
The protein content in dried FG prepared under the optimum extraction conditions (a 334 
temperature of 85–90 °C, a pH of 6.5–7.0, and a seed to water weight ratio of 1:13) was 335 
previously determined to be 80 g/kg (Cui, Mazza, Oomah, & Biliaderis, 1994). The 336 
protein content measured in extracted FG is known to vary depending on the assay 337 
employed and extraction conditions. FG extraction efficiency is especially dependent 338 
upon temperature (Cui, Mazza, Oomah, & Biliaderis, 1994). Previously, Qian, Cui, Wu, 339 
and Goff (2012) prepared FG from flaxseed hulls and separated the polysaccharides into 340 
different fractions. Nitrogen was not detected in a neutral fraction, while substantial 341 
nitrogen content, which could represent up to 8% protein, was present in an FG acidic 342 
fraction. It was proposed that proteins are not covalently linked to FG polysaccharides 343 
(Qian, Cui, Wu, & Goff, 2012). However, there is no literature report describing the 344 
nature of the protein or proteins in FG extracts and contribution of FG proteins to 345 
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solution functional properties. In this study, FG was extracted from whole flaxseed 346 
according to previously described methods with small modifications (Wang et al., 2009). 347 
FG protein content was determined to be 55.7 ± 0.7 mg (BSA equivalent)/g FG 348 
(Bradford), which is reasonable as protein content in FG was reported to be 40–200 mg/g 349 
FG (Oomah, Kenaschuk, Cui, & Mazza, 1995). It should be noted that the Bradford assay 350 
cannot determine absolute protein content in FG and cannot be compared directly with 351 
protein content determined by measuring nitrogen (Bradford, 1976). However, the assay 352 
was suited to confirm the action of protease during hydrolysis.  353 
     354 
3.2. Deglycosylation and 2D-gel electrophoresis of FG 355 
It was thought that a portion of proteins in FG might be glycosylated and difficult to 356 
analyze using conventional SDS-PAGE (Ray et al., 2013). Thus, TFMS was used as a 357 
deglycosylation agent to obtain intact carbohydrate-free FG proteins. Due to the 358 
difference in stability of glycosidic versus peptide bonds in the presence of TFMS, TFMS 359 
can remove glycans from glycoproteins to release intact polypeptides (Desai, Allen, & 360 
Neuberger, 1983; Lind, Bacic, Clarke, & Anderson, 1994; Takeichi, Takeuchi, Kaneko, & 361 
Kawasaki, 1998). In comparison with enzymatic deglycosylating procedures, 362 
TFMS-mediated deglycosylation enables a simple method to remove carbohydrate chains 363 
from glycoproteins regardless of protein linkage carbohydrates and composition of 364 
protein and carbohydrate in glycoproteins (Edge, 2003). Yadav, Nunez, and Hicks (2011) 365 
successfully employed TFMS for deglycosylation of corn fiber gum and identified 366 
alpha-zein Z1 as a major storage protein associated with corn fiber gum. In this study, 367 
TFMS-mediated deglycosylation of FG was performed under anhydrous conditions to 368 
afford solvolytic cleavage of glycosidic bonds without peptide bond hydrolysis. The 369 
resulting FG protein fraction was collected by dialysis against distilled water. 370 
Dialyzed proteins were separated by 2D-gel electrophoresis with a protein loading 371 
content of 100 µg (Figure 1). Two protein spots (1 and 2) were observed in the gel with 372 
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MWs of 11–12 kDa (Spot 1) and 10–11 kDa (Spot 2). Two major storage proteins have 373 
been identified from flaxseed including a salt-soluble 11–12S globulin which accounts 374 
for 70–85% of flaxseed proteins, and a water-soluble 1.6–2S albumin (Madhusudhan & 375 
Singh, 1983; Dev, Quensel, & Hansen, 1986; Sammour, 1999). The MW of globulins was 376 
approximately 250 kDa. The water-soluble albumins demonstrated a MW of 25 kDa with 377 
a low MW subunit of 11 kDa (Madhusudhan & Singh, 1983). Sammour, Elshourbagy, 378 
Aboshady, and Abasary (1994) identified protein bands with MWs between 9 and 17 kDa 379 
in SDS–PAGE profiles of reduced protein fractions of flaxseed. Based on the analysis 380 
above, the protein gel spots obtained by deglycosylation of FG contain the water-soluble 381 
flaxseed albumin. 382 
 383 
3.3. Trypsin digestion of the protein gel spots and mass spectrometric analysis 384 
The two well-defined protein gel spots (1 and 2) from Figure 1 were selected for 385 
protein identification by MALDI-TOF-MS. The protein gel spots were carefully excised, 386 
cleaned, and digested with porcine trypsin, which selectively cleaves polypeptide chains 387 
after lysine (K) or arginine (R) (Funami et al., 2007). Tryptic peptides were subjected to 388 
MALDI-TOF-MS analysis. The MS spectra data were queried against NCBI database, 389 
limited to flax, using Mascot® as a search engine. A significant match to tryptic fragments 390 
was reported where matches had a confidence level ≥ 95% and a protein threshold score 391 
value of ≥ 72 as determined by Mascot®. 392 
After digestion of protein gel spots 1 and 2 with trypsin, spectra of MALDI-TOF-MS 393 
revealed the presence of peptide masses shown in Figures 2 and 3, respectively. For 394 
protein gel spot 1, matched peptides corresponded to flax hypothetical protein entry of 395 
NCBI accession number CAC94010 have a protein score of 394 and coverage of 41% of 396 
the sequence (Table 1). Protein gel spot 2 (Table 2) matched NCBI accession number 397 
CAC94011 with a protein score of 395 and sequence coverage of 36% (Truksa, 398 
MacKenzie, & Qiu, 2003). The corresponding full database sequences for the 399 
hypothetical proteins identified in protein gel spots 1 and 2 (Figure 1) are presented in 400 
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Tables 3 and 4, respectively. Accordingly, the hypothetical proteins from FG after 401 
deglycosylation were identified as containing conlinin. Interestingly, both the 402 
MALDI-TOF mass spectra of protein gel spots 1 and 2 after trypsin digestion 403 
demonstrated several common peptide masses. It appeared that both spots contained 404 
traces of both conlinin species. 405 
Conlinin, a low MW storage protein of flaxseed, was first prepared from flaxseed 406 
meal after dioxan extraction and purified subsequently with glycol (Vassel & Nesbitt, 407 
1945). In previous work, the protein was characterized and found to have a sedimentation 408 
coefficient of 1.6 and a MW of 15–18 kDa after purification through M-Sephadex C-50 409 
chromatography (Madhusudhan & Singh, 1985). However, the predicted MWs of the 410 
proteins identified in the current study were approximately 19 kDa (Tables 3 and 4), 411 
which was greater than the MWs characterized by 2D-gel electrophoresis based on MW 412 
markers (approximately 11 kDa). The discrepancy may arise from the use of different 413 
flaxseed cultivars (Cui, Kenaschuk, & Mazza, 1996). Truksa, MacKenzie, and Qiu (2003) 414 
identified two cDNAs, conlinin1 (cnl1) and conlinin2 (cnl2), which encode flaxseed 415 
conlinin. In previous work, the expression of conlinin genes has been reported to vary 416 
with flaxseed maturity, and post-translational modifications, such as the removal of a 417 
signal peptide, may also have occurred during the biosynthesis of conlinin, which could 418 
be responsible for inconsistencies of conlinin MW. This hypothesis was tested in silico 419 
using SignalP 4.1 online software to predict likely signal peptides. Based on the software 420 
output both predicted conlinin molecules include sequences that are consistent with 421 
signal peptide sequences of MAKLMSLAAVATAFLFLIVVDA as indicated in Table 3 422 
and 4 (Petersen, Brunak, von Heijne, & Nielsen, 2011). The signal peptide sequence 423 
would be cleaved after the synthesis of conlinin molecules resulting in a processed 424 
peptide of substantially reduced mass. As shown in Figure 1, pI of the protein gel spot 1 425 
and 2 could be estimated as 6.5 and 7.5, respectively, based on 2D-gel electrophoresis. 426 
The estimated pI of protein gel spot 2 was consistent with the predicted pI of conlinin 427 
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database sequence (Table 4) after the cleavage of signal peptide (Theoretical pI: 7.48, 428 
ExPASy ProtParam, SIB Swiss Institute of Bioinformatics). However, predicted pI of 429 
protein gel spot 1 (7.48) without the signal peptide sequence was significantly different 430 
with the estimated pI by 2D-gel electrophoresis. The difference in pI could also be a 431 
result of additional post-translational modifications occurring after conlinin translation, 432 
such as phosphorylation of serine, threonine, tyrosine, histidine and/or arginine or lysine 433 
residues. For example, phosphorylation of amino acid residues would increase protein 434 
acidity, and alter protein pI but leave MW largely unchanged. Gene expression is 435 
specifically activated in embryos and the inner seed coat layer, and so deposition of 436 
conlinin in flaxseed coat would be consistent with the presence of conlinin in FG extracts. 437 
Conlinin was reported to account for 42% of flaxseed protein with 93 and 99% of the 438 
conlinin dissolved in water and 0.05 M NaCl solution, respectively (Youle & Huang, 439 
1981). Conlinin was noted to be a single polypeptide chain with 26–30% α-helix and 51% 440 
β-sheet (Madhusudhan & Singh, 1985). 441 
 442 
3.4. Emulsification properties of FG solution 443 
The contributions of FG proteins to emulsification properties of FG solutions were 444 
evaluated before and after protease treatment alongside gum Arabic solution at the same 445 
concentration (Figure 4). For gum Arabic solutions, EAI was significantly decreased 446 
from 102.8 ± 3.7 to 71.8 ± 2.8 m2/g when concentration decreased from 0.8 to 0.4% (w/v). 447 
Similarly for FG solutions, EAI significantly decreased from 98.7 ± 5.4 to 60.3 ± 1.6 448 
m2/g with decreasing concentration, from 0.8 to 0.4% (w/v). The EAI of FG solution 449 
(98.7 ± 5.4 m2/g, 0.8%, w/v) was not significantly different to the gum Arabic solution 450 
(102.8 ± 3.7 m2/g, 0.8%, w/v), however EAI decreased significantly after protease 451 
treatment (62.31 ± 0.84 m2/g, 0.8%, w/v). Qian, Cui, Wu, and Goff (2012) reported 452 
similar results where the surface tension of FG solution increased from 55.0 ± 0.5 dyn/cm 453 
to 62.0 ± 0.5 dyn/cm after complete removal of protein. They noted decreased emulsion 454 
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stability of FG solution and revealed the significant contribution of proteins to 455 
emulsification properties. FG solution EAI after protease hydrolysis did not vary 456 
significantly over the concentration range from 0.8 to 0.4% (w/v). FG solutes are 457 
predominantly hydrophilic polysaccharides, while the proteins present in FG are known 458 
to increase the hydrophobicity and emulsification properties due to the substantial surface 459 
activity at the oil-water interface (Yadav, Igartuburu, Yan, & Nothnagel, 2007). Similar 460 
properties have been observed for gum Arabic, an emulsifier widely used in food 461 
processing. Gum Arabic contains about 2% of a protein that is rich in hydrophobic 462 
hydroxyprolyl, prolyl and seryl residues as well as a highly-branched arabinogalactan 463 
polysaccharide (Osman et al., 1993; Osman et al., 1995). Accordingly, the hydrophobic 464 
polypeptide chains of gum Arabic anchor the polysaccharide onto oil droplet surfaces and 465 
can stabilize 20% (w/w) orange oil-in-water emulsions (Randall, Phillips, & Williams, 466 
1988). The ES of FG solutions before and after the protease treatment was also examined 467 
and compared with gum Arabic solutions. As shown in Figure 5, the ES of FG solution 468 
(66.4 ± 1.1%) was lower, but not significantly different from gum Arabic solution (73.0 ± 469 
2.5%). After protease treatment of FG solution, the ES was significantly decreased to 470 
42.1 ± 2.0%. Viscous hydrophilic polysaccharide chains of FG have been reported to 471 
prevent aggregation of emulsion droplets by steric and mechanical stabilization effects 472 
due to the formation a charged layer around the oil droplets (Nakamura et al., 2004b).  473 
Protein in sugar beet pectin lowers interfacial tension between water and oil phases 474 
when it is adsorbed onto droplet surfaces and acts like an anchor. Proteins enhance both 475 
emulsion activity and stability (Funami et al., 2007). Soybean water-soluble 476 
polysaccharide (SSPS) preparations stabilize beverage emulsions as well as acidic milk 477 
beverages because of their high water solubility, pH stability, low bulk viscosity, 478 
emulsification properties, and ability to form strong interfacial films (Buffo, Reineccius, 479 
& Oehlert, 2001). A high molecular weight fraction (HMF, 310 kDa) of SSPS exhibited 480 
better emulsification properties than whole SSPS. This phenomenon was ascribed to the 481 
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protein fraction in SSPS/HMF (2.2%). The protein had a molecular mass of 50 kDa and 482 
was rich in both proline (23.1%) and glutamic acid (15.2%) (Nakamura et al., 2004b). 483 
The contribution of proteins to gum Arabic emulsification properties was confirmed by 484 
the reduced emulsion activity after protease treatment that removed proteins from gum 485 
Arabic (Randall, Phillips, & Williams, 1988). However, emulsion-forming properties of 486 
gum Arabic solution were improved by pasteurization and demineralization. This was 487 
ascribed to the denaturation and unfolding of the proteins, promoting effective adsorption 488 
at the oil-water interface and enhancing double electrical layer intensity (Randall, Phillips, 489 
& Williams, 1988). 490 
 491 
4. Conclusion 492 
In this study, proteins extracted from FG were enriched by deglycosylation with 493 
TMFS and separated with 2D-gel electrophoresis. Two protein gel spots with estimated 494 
MW of 10–11 kDa and 11–12 kDa were observed. These spots were selected, excised, 495 
digested with trypsin, and analyzed using MALDI-TOF-MS. Peptide MS data of protein 496 
in the selected gel spots were queried against the primary sequences from NCBI database 497 
and both proteins were identified as conlinin, a 2S storage protein of flaxseed. The 498 
contribution of proteins to FG solution emulsification properties were also examined. FG 499 
solutions showed comparable EAI and ES to solutions prepared with gum Arabic at the 500 
same concentration. Both of EAI and ES were significantly decreased after protease 501 
treatment due to depletion of FG protein. FG readily forms coacervates with BSA for 502 
example (Liu, Shim, Wang, & Reaney, 2015). FG is a naturally coacervate between 503 
negatively charged polysaccharides chains and positively charged albumins. This 504 
coacervate would scatter light and be responsible for the dull colour of FG. We are 505 
conducting a detailed study of this phenomenon. Findings from this study will help to 506 
understand the mechanism underlying FG emulsification properties and to screen 507 
flaxseed cultivars to find those with improved emulsification properties for use as food 508 
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emulsifiers. 509 
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Table 1. 
Calculated mass 
(m/z)b 
Observed mass 
(m/z)b Position
c
 Sequence 
2662.20 2662.25 39–62 GGGQGGQGQQQSCEQQIQQQDFLR 
1243.52 1243.50 63–71 SCQQFMWEK 
1965.75 1965.77 86–102 GGGEQSQYFDSCCDDLK 
2383.18 2383.22 116–135 AIGQMRQEIQQQGQQQEVQR 
aNCBI accession number, gi:20502190; protein score, 394; sequence coverage, 41%. 
bThe calculated and observed masses are the protonated form, [M+H]+, of the peptides. 
cThe sequence position of the starting and ending amino acids are based on the database 
sequences presented in Table 3. 
 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
Table 2. 
Calculated mass 
(m/z)b 
Observed mass 
(m/z)b 
Positionc Sequence 
1192.59 1192.58 53–61 QIQEQDYLR 
1225.56 1225.54 62–70 SCQQFLWEK 
1315.60 1315.59 145–156 DLPGQCGTQPSR 
1713.81 1713.82 121–134 QDIQQQGQQQEVER 
1938.76 1938.77 85–101 GGGQQSQHFDSCCDDLK 
aNCBI accession number, gi:20502192; protein score, 395; sequence coverage, 36%. 
bThe calculated and observed masses are the protonated form, [M+H]+, of the peptides. 
cThe sequence position of the starting and ending amino acids are based on the database 
sequences presented in Table 4.  
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Table 3. 
Position Sequencea 
1–50 MAKLMSLAAV ATAFLFLIVV DASVRTTVII DEETNQGRGG GQGGQGQQQS 
51–100 CEQQIQQQDF LRSCQQFMWE KVQRGGRSHY YNQGRGGGEQ SQYFDSCCDD 
101–150 LKQLSTGCTC RGLERAIGQM RQEIQQQGQQ QEVQRWIQQA KQIAKDLPGQ 
151–169 CRTQPSQCQF QGQQQSAWF    
aNCBI accession number, gi:20502190, 19,507 Da. Peptide sequence in red is signal peptide.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
Table 4. 
Position Sequencea 
1–50 MAKLMSLAAV ATAFLFLIVV DASVRTTVII DEDTNQGRGG QGGQGQQQQC 
51–100 EKQIQEQDYL RSCQQFLWEK VQKGGRSYYY NQGRGGGQQS QHFDSCCDDL 
101–150 KQLRSECTCR GLERAIGQMR QDIQQQGQQQ EVERWVQQAK QVARDLPGQC 
151–168 GTQPSRCQLQ GQQQSAWF    
aNCBI accession number, gi:20502192, 19,456 Da. Peptide sequence in red is signal peptide. 
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Figure 5.  
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Highlights 1 
• Flaxseed gum was deglycosylated by treating with trifluoromethanesulfonic acid. 2 
• Proteins in flaxseed gum after deglycosylation were recovered and separated 2D-gel 3 
electrophoresis. 4 
• Conlinin was identified as the protein constituent in flaxseed gum by 5 
MALDI-TOF-MS. 6 
• Emulsion activity index and emulsion stability were decreased after proteolytic 7 
removal of the protein component in FG. 8 
